Apoptosis is essential for normal growth and development of multicellular organisms, including metazoans and higher plants. Although cell death processes have been reported in unicellular organisms, key elements of apoptotic pathways have not been identified. Here, we show that when placed in darkness, the unicellular chlorophyte alga Dunaliella tertiolecta undergoes a form of cell death reminiscent of apoptosis in metazoans. Many morphological criteria of apoptotic cell death were met, including an increase in chromatin margination, degradation of the nucleus, and DNA fragmentation. Biochemical assays of the activities of cell death-associated proteases, caspases, measured using highly specific fluorogenic substrates, increased with time in darkness and paralleled the morphological changes. The caspase-like activities were inhibited by caspase-specific inhibitors. Antibodies raised against mammalian caspases cross-reacted with specific proteins in the alga. The pattern of expression of these immunologically reactive proteins was correlated with the onset of cell death. The occurrence of key components of apoptosis, and particularly a caspase-mediated cell death cascade in a relatively ancient linage of eukaryotic photoautotrophs, argues against current theories that cell death evolved in multicellular organisms. We hypothesize that key elements of cell death pathways were transferred to the nuclear genome of early eukaryotes through ancient viral infections in the Precambrian Ocean before the evolution of multicellular organisms and were subsequently appropriated in both metazoan and higher plant lineages.
Programmed cell death (PCD) or "cell suicide" is a widespread process among metazoans and is essential for the proper development, function, and ultimately survival of the organism (Leist and Nicotera, 1997 ). An emerging topic in plant biology is whether plants display analogous elements of metazoan PCD (Greenberg, 1996; Pennell and Lamb, 1997) . For example, in many plant-pathogen interactions, cell death occurs in both susceptible and resistant hosts. Specific recognition responses in plants trigger the hypersensitive response (HR) and activation of host defense mechanisms, resulting in restriction of pathogen growth and disease development. Several studies have provided evidence that cell death during HR involves activation of a plant-encoded pathway for cell death (e.g. Lam et al., 2001) .
The identities of most of the key elements involved in plant PCD remain unknown. Iterative homology searches suggest that caspase-related proteases (metacaspases, first identified in yeasts) are encoded in the Arabidopsis genome (Uren et al., 2000) . Recent evidence from inhibitor studies and biochemical approaches suggests that caspase-like proteases may also be involved in cell death control in higher plants (Korthout et al., 2000) and may constitute a common pathway for cell death in both metazoans and plant cells. However, the absence of homologs of metazoan cell death genes in Arabidopsis (see Arabidopsis Genome Initiative, 2000) suggests that cell death in higher plants has diverged from that found in the animal kingdom. This controversy can only be addressed by examining cell death in extant organisms that are representative of divisions that emerged before the divergence of metazoans and higher plants.
The origin of cell death programs in eukaryotes remains obscure (Aravind et al., 2001 ) but is probably ancient; apoptosis-like phenomena have been reported in unicellular organisms, including chlorophytes (Berges and Falkowski, 1998), dinoflagellates (Vardi et al., 1999), yeast (Frohlich and Madeo, 2000) , and bacteria (Chen at al., 1998; Lewis, 2000) . However, the pathways through which cell death proceeds have not yet been identified in these organisms.
Cells undergoing apoptosis suffer a series of typical changes, including chromatin condensation and margination as well as DNA cleavage into large and eventually small fragments (50 kb-50 bp). In the cy-toplasm, organelles appear to remain intact (Cohen, 1997) . Berges and Falkowski (1998) demonstrated that autocatalyzed cell death processes could also be elicited in the single-celled chlorophyte alga Dunaliella tertiolecta. This unicellular chlorophyte is an obligate photoautotroph that cannot use dissolved organic compounds and does not reproduce sexually in culture. Under normal culture conditions given simple inorganic nutrients and light, D. tertiolecta is immortal; that is, the cell divides by simple binary fission without any evidence of cell lysis, encystment, or spore formation. This organism belongs to a division of eukaryotes that evolved approximately 1.6 billion years ago, or about 900 million years before the first clearly identifiable metazoans appear in the fossil record (Lipps, 1993; Bhattacharya and Medlin, 1998) .
D. tertiolecta is well known for its extraordinarily high tolerance to salt stress, high light, and relatively high temperatures. When placed in darkness, however, cell cultures undergo catastrophic cell death between the 4th and 6th d (Berges and Falkowski, 1998) . Cell death is preceded by a reduction in photosynthetic capability and cell numbers. Upon triggering the cell death process, the cells literally dissolve, and the culture, which on the previous day had been green, becomes transparent. Zymograms and protein profiles, before and during the culture decline, reveal the induction of novel proteases in the cells (Berges and Falkowski, 1998) .
Here, we report that the cell death program in D. tertiolecta is associated with caspase-like activity and that the morphology and biochemical features of the dying algal cells resemble apoptosis. Thus, we hypothesize that important parts of the apoptotic machinery appeared early in the evolution of eukaryotes; caspase-like proteases were strongly selected in metazoans and higher plant cells as a mechanism for development, differentiation, and defense, whereas in unicells they remained as relics.
RESULTS
When exponentially growing D. tertiolecta cultures were deprived of light, the cultures underwent a catastrophic decline in population density between the 4th and 6th d (essentially identical to that described by Berges and Falkowski, 1998) . The cells literally dissolved, and the culture turned from green to clear (Fig. 1 ). This event is not virally mediated. J.A. Berges and C.D.P. Brussaard (unpublished) looked for evidence of viruses or changes in viral abundance in cultures of D. tertioloecta before, during, and after the cell death cascade using both SYBR-Green stain (Noble and Fuhrman, 1998) and by ultracentrifuging whole samples, staining, and examining using electron microscopy (Heldal and Bratbak, 1991) . No viruses were detected.
A time course of transmission electron micrographs over this period revealed ultrastructural changes bearing all the hallmarks of apoptosis. In actively growing cells in the light (Fig. 2A) , the nuclear membrane was well defined, and chromatin was localized in the nucleolus. When placed in darkness, chromatin condensation and margination at the nuclear envelope could be observed (Fig. 2 , B-D). After 4 d in darkness, nuclei were completely lost (Fig. 2E) , and cell lysis quickly followed (Fig. 2F ). Importantly, cell integrity was maintained, whereas the nucleus was lost; the mitochondria remained intact and although the starch layer surrounding the pyrenoid disappeared, the pyrenoid itself hardly changed. Although these morphological changes occurred, nuclear DNA was concurrently degraded. Free 3ЈOH ends of DNA, generated by activation of endonuclease activity in dying cells, were fluorescently labeled with a conventional TUNEL assay (Gavrieli et al., 1992) . No labeling was observed in cells growing in light (Fig. 3A) , but labeling increased from d 1 to 5 in darkness, indicating that some degree of DNA fragmentation occurred after only 1 d in darkness (Fig. 3B ). Positive controls, consisting of cells treated with DNAse, showed strong staining, indicative of DNA degradation (Fig. 3C ). Negative controls were analyzed by using cells that had been in darkness for 4 d and by substituting MilliQ water for the TdT enzyme. These cells did not stain (Fig.  3D ). These results are consistent with caspase-like activity (Cohen, 1997) .
During the cell death process, cleavage of fluorescent substrates specific for caspases 1, 3, 6, 8, and 9 was observed (Fig. 4) . These activities followed Michaelis-Menten kinetics (K m values of about 50 m and saturation at 200 m; data not shown) and were inhibited by the irreversible caspase inhibitors Boc-D-FMK, Ac-VAD-FMK, and Ac-YEVD-CMK (dissociation constant of an enzyme-inhibitor complex values ranged from 17-124 m; Fig. 4B ). We observed an increase in caspase activities beginning on the 2nd d of darkness and culminating on the 5th d, as the cells lysed (Fig. 4A) . The highest activities, observed on d 2, corresponded to substrates for caspases 8 and 9. However, the activities corresponding to substrates for caspases 1, 3, and 6 were somewhat lower.
To determine whether the proteases detected with activity assays were related to metazoan caspases, we challenged D. tertiolecta extracts with six polyclonal antibodies derived from mammalian caspase antisera. Antibodies for caspases 1, 3, and 9 cross-reacted with multiple M r bands (Fig. 5 ; note that representative blot images have been presented; to save space, we have condensed the results of many blots into Table I ), whereas antibodies raised against caspases 6 to 8 recognized only one band. Antibodies raised against caspases 2 and 10 did not cross-react. The apparent M r s of the antigens were generally larger than what would be expected for the respective metazoan caspases, assuming a higher degree of evolutionary conservation (Aravind et al., 1999). In addition, there was evidence of posttranslational modification; antibodies against caspase 1, 3, and 9 detected high-M r proteins that declined during dark incubation and lower M r bands (presumably corresponding to the activated proteases) that increased during the incubation.
DISCUSSION
Previous workers have speculated about the origins of PCD and suggested that "true" metazoan caspases evolved from earlier forms that diverged into paracaspases (in metazoans and Dictyostelium discoideum) and metacaspases (in plants, fungi, and protozoa) (Uren et al., 2000) , and which probably played very different roles in unicellular organisms (Aravind et al., 2001) . Despite the fact that no genes 
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Plant Physiol. Vol. 132, 2003 homologous to animal caspases have been isolated from plants, caspase-like activity has been reported in higher plants (Solomon et al., 1999; Delorme et al., 2000; Korthout et al., 2000; Lam and del Pozo, 2000) . Iterative homology searches suggest there are two types of metacaspases in Arabidopsis. Type I metacaspases contain a predicted caspase-like proteolytic domain lacking the death effector domain typical in metazoan caspases. Type II metacaspases contain a zinc pro-domain, which is also found in LSD-1, a protein involved in the control of the HR in plants. The functions of these genes have thus far only been inferred from sequence homologies; the enzymatic activity of these metacaspases has not been assayed. The activation of a plant-encoded pathway for cell death has been demonstrated in transgenic tobacco plants expressing human Bcl-2 and Bcl-xl, nematode CED-9, or baculovirus Op-IAP transgenes that negatively regulate apoptosis (Dickman et al., 2001 ). The ability of Bax, a protein belonging to the Bcl-2 family proteins and known to induce cell death and a defense reaction in plants, suggests that some features of animal and plant cell death processes may be widely shared among multicellular eukaryotes (Lacomme and Cruz, 1999) .
There are three different phases in the cell death process (Jabs, 1999): a stimulus-dependent induction phase, an effector phase, and a degradation phase. The degradation phase we describe in D. tertiolecta consists of the activation of caspase-like proteases, leading to complete cell disintegration and lysis. The evidence for caspase-like enzymes is the crossreactivity with specific antibodies against "true" mammalian caspases, biochemical substrate specificity and inhibition, and morphological processes are consistent with apoptosis. The biochemical substrates with the highest activities on d 2 correspond to caspases 8 and 9, consistent with their role as upstream-regulated proteases. The activity for substrates of caspases 6, 3, and 1, which are effector caspases acting downstream of the apoptotic event, is somewhat lower (Cohen, 1997) , indicating the activation cascade of the apoptotic event. The increase in activity observed from d 1 to 2 parallels the results obtained by transmission electron microscopy (TEM) and TUNEL, suggesting that the cells were poised to die. Increases in caspase activities should proceed DNA degradation; however, this is not clear in the present study. Part of the problem may be that the temporal resolution of events is relatively coarse (days versus hours), but it may also be that detection limits of caspase activities are higher than limits on TUNEL assays.
Caspases are among the most specific proteases, having an unusual and stringent requirement for cleavage after Asp. Recognition of at least four amino acids, NH 2 -terminal to the cleavage site, is also a requirement for efficient catalysis; very few proteolytic enzymes can cleave the fluorogenic substrates used to detect caspases (Thornberry, 1999) . Therefore, it is unlikely that our activity assays are biased by the presence of other proteases, especially considering the effectiveness of caspase inhibitors. Despite the fact that no genes homologous to animal caspases have yet been isolated from plants, caspase activity itself has been reported in a number of studies (del Pozo and Lam, 1998; Korthout et al., 2000) . In yeast (Saccharomyces cerevisiae), a type-I-like metacaspase protein has been shown to have caspase-like activity and to mediate PCD in aging cells (Madeo et al., 2002) .
Our results strongly suggest that the family of caspase-like proteins and the origin of cell death programs predates multicellular life. Moreover, our results suggest that cellular morphology matches that of apoptosis. Together, these independent lines of evidence suggest that important elements of the caspase-induced cell death cascade were present much earlier in evolution than is currently believed (Aravind et al., 2001) . In contrast to other kingdoms of life, there is very little information available for protists; these organisms may provide the key to understanding the origin and evolution of apoptosis if we consider that the supposedly common ancestor (before the animal-plant divergence) was unicellular (Aravind et al., 1999) .
The cell death phenomenon in D. tertiolecta confers no obvious ecological or evolutionary fitness. This alga cannot use the dissolved organic compounds released from lysis for its own growth, and the organism does not reproduce sexually; hence, suggestions that cell death has evolved for "altruistic" functions (Frohlich and Madeo, 2000; Lewis, 2000) or for cellular differentiation cannot be invoked in this organism. It is possible that the caspase-like activity that is present in normal growth serves some housekeeping functions in protein turnover (Zeuner et al., 1999) , the value of which offsets the liability in terms of cell mortality. However, the cell death event triggered by darkness is surely maladaptive. Therefore, we must ask: How did D. tertiolecta acquire these caspase-like proteases, and what purpose(s) do they serve?
Over the past decade, it has become increasingly clear that the ocean contains an extraordinary number of viruses, between 10 5 and 10 7 mL Ϫ1 (Fuhrman, 1999; Wommack and Colwell, 2000) . However, marine viral genomes are poorly characterized; viral attack on both prokaryotic and eukaryotic marine microbes appears to be relatively common and frequently leads to cell lysis (Bratbak et al., 1993; Suttle, 1994) . We hypothesize that with the evolution of eukaryotes, viral proteolytic genes became incorporated into marine heterotrophs and autotrophs, and gene transfers were further facilitated laterally via viral infection. Interestingly, a reverse transcriptase gene of retroviral origin is contained and maintained within a nitrogen assimilation operon in the marine cyanobacterium Trichodesmium sp. IMS 101 (A. Post, personal communication). The amino acid motif QAC*G is found only in the active site of "true" caspases or "paracaspases," and we have also found it on D. tertiolecta (T. Shi, unpublished data). However, based on EMBL database searches, homologous sequences are present in viruses: QACQG is in both the GAG protein from the simian immunodeficiency virus and bacteriophage phi-105 within the ORF10; QQACQG occurs in a hemagglutinin from the measles virus (MV), and QACGG occurs in the genome of human papillomavirus type 67. Defenses against expression of these genes might have included posttranslational modification and/or transposition such that some viral proteases may have been incorporated in the nuclear genome of their target cell as transposed elements. Under stress conditions, the silencing systems fail, and proteases are activated by stresses including energy deprivation and reactive oxygen species (Levine et al., 1994) . Interestingly, viruses have evolved mechanisms to stop apoptosis to propagate infection cycles, whereas eukaryotic cells have devised ways to suppress anti-apoptotic viral proteins (see Bump et al., 1995; Uren et al., 1998; Barber, 2001) .
Our results clearly establish a PCD pathway that is induced by a specific stress condition (i.e. darkness) in a eukaryotic obligate photoautotroph from an ancient lineage. We propose that the proteases themselves were originally inherited from a common ancestor through viral infection and were widely (but not necessarily universally) appropriated and maintained throughout the evolution of eukaryotes. This hypothesis explains why, belonging to different lineages within the kingdom of Eukaryotes, a unicellular chlorophyte alga such as D. tertiolecta, higher plants, and metazoans share conserved apoptotic machinery. Aravind et al. (1999) emphasized that the tertiolecta may serve some housekeeping purposes, they appear to be activated during apoptosis. Some of these genes probably were laterally transferred from bacteria to the common ancestor by viral infection, and, in higher plants, mediate the HR in plantpathogen interactions, floral and organ abortion, senescence, aerenchyma formation under hypoxia, somatic embryogenesis, and differentiation of tracheary elements. PCD triggered by darkness in D. tertiolecta might be the relic of what is now the common response to biotic and abiotic stress for higher plants.
MATERIALS AND METHODS

Culture Conditions
Dunaliella tertiolecta (CCAP strain 19/6) was grown in semicontinuous batch cultures in artificial seawater medium (Goldman and McCarthy, 1978) enriched with f/2 nutrients (Guillard and Ryther, 1962) at 26°C under continuous white light at 200 mol quanta m Ϫ2 s Ϫ1 . When cultures reached mid log-phase, they were placed in complete darkness while maintaining gentle stirring and bubbling with filtered air.
TEM
Cells were harvested by centrifugation (15 min at 7,000g) and fixed in cacodylate buffer containing 4% (w/v) glutaraldehyde and 8.6% (w/v) Suc. Pellets were washed in a series of cacodylate buffers with descending Suc concentration and postfixed in osmium tetroxide for 2 h. After dehydration in an ascending series of ethanol (70% to 100% [w/v]), samples were embedded in 4% (w/v) agar resin, sectioned (60-nm thickness) with a Reichert ultramicrotome, stained with uranyl acetate and lead citrate, and observed under a 100 CX transmission electron microscope (JEOL, Tokyo).
TUNEL Staining
nDNA fragmentation was identified in situ by TUNEL labeling (Gavrieli et al., 1992) . Cells were fixed with 0.1% (w/v) glutaraldehyde and centrifuged (5 min at 14,000g). Cells were permeabilized (0.1% [w/v] Triton X-100 for 15 min), washed with phosphate-buffered saline, and labeled following the manufacturer's instructions (Apoptag Direct Kit, Oncor, Gaithersburg, MD). Samples were then resuspended in phosphate-buffered saline, filtered (50 mm Hg) onto 0.8-m, 25-mm black polycarbonate filters (catalogue no. 13062, Osmotics, Minnetonka, MN), and observed using a Laborlux D epifluorescence microscope (excitation 490 nm, emission of 525 nm, Leitz, Leica Microsystems (UK) Ltd, Bucks Milton Keynes, UK). Positive controls consisted of cells pretreated with 10 g mL Ϫ1 DNAse I (nickase); for negative controls, distilled water was substituted for the terminal deoxynucleotidyl transferase.
